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a b s t r a c t

A metal-organic framework, Cd�TIPA, was synthesized using cadmium ion and a stretched triangular
rigid N-containing ligand tris-(4-imidazolylphenyl)amine (TIPA) as a strong electron donor. Cd�TIPA
features an unusual 3D structure of two sets of layers linked in an interpenetration arrangement,
resulting in framework with 26.1% porosity. Cd�TIPA possesses a long luminescence lifetime of 5.76 ms
and Mott�Schottky measurements indicate Cd�TIPA is a representative n-type semiconductor. Cd�TIPA
features a potential of the conduction band (LUMO) level (�1.30 V vs. NHE), which is more negative than
that of Cr2O7

2�/Cr3þ, thus providing the theoretical possibility of reduction. The valence band (HOMO)
level is estimated as 1.37 V based on a Tauc plot, indicating a higher oxidation ability for H2O. The
observable quenching effect of Cr2O7

2� anions on the emission of a suspension of Cd�TIPA indicates the
efficient electron transfer. As expected, Cd�TIPA functioned as an efficient catalyst for heterogeneous
photocatalytic reduction of Cr2O7

2� with high catalytic efficiency (93%) in 12 min.
© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The rapid development of chemical industries has resulted in
serious water pollution, especially due to the massive use of heavy
metals in electroplating, paint processes, mining, and the
manufacturing of electronic products [1e3]. Heavy metals are toxic
in nature and severely threaten the environment and human
health. There is a significant interest in the design and synthesis of
functional materials for the remediation of heavy metals. Luo et al.
applied organo-functionalized silica nanoparticles for the adsorp-
tion of heavy metal ions in a facile silylation reaction [4].This group
also developed defective ZrO2 using a facile-controlled crystalliza-
tion strategy, and the resulting material exhibited effective
adsorption of arsenic [5]. Luo et al. also applied polymeric adsor-
bent PAR(poly-allylrhodanine) for the recovery of Agþ ions by the
adsorption sites of C═S and CeS groups on PAR [6]. The hexavalent
chromium anion Cr(VI) is one of the most toxic heavy metal con-
taminants [7,8]. Therefore, rapid and efficient detection and
reduction of trace Cr(VI) anions in water are particularly urgent.
n), limingxue@henu.edu.cn
Many methods have been applied for the removal of Cr(VI) from
water, including chemical precipitation, biosorption, ion exchange,
electrolysis, adsorption and electrochemical reduction [9e12].
However, these traditional methods are limited by disadvantages
such as high-cost, secondary pollution, complex synthesis pro-
cesses and inefficiency at lower concentrations [13]. Chromium
exists in Cr(VI) and Cr(III) oxidation states in the natural environ-
ment, and Cr(III) is less toxic and an essential trace element for
humans [14,15]. Therefore, a reasonable approach to reducing the
amounts of Cr(VI) is not to absorb it but to degrade/reduce it to the
safer Cr(III) [16]. Significant efforts have been made to develop
photocatalysis strategies for the reduction of Cr(VI) ions to Cr(III)
ions [17]. Periakaruppan’s group reported PANI/MnO2/TiO2 as an
effective catalyst for the reduction of Cr(VI) [18]. Han’s group
explored the photocatalytic activity of Ti3þ self-doped TiO2 nano-
particles to treat effluent containing Cr under visible light, where
the ethylene glycol on the surface of TiO2/Ti(III) served as a sacri-
ficial agent [19]. Liang’s group designed a Ce3þ doped CeO2/
Bi2MoO6 (C-BMO) heterojunction, which removed up to 97% di-
chromate Cr(VI) due to interfacial movement of photogenerated
e�-hþ pairs between the generated Ce3þ/Ce4þ redox couple [20].

Metal-organic frameworks (MOFs) with diverse structures, high
porosity, and adjustable functionality have been applied for gas
storage, magnetism, optical material, and chemical sensing. These
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materials also widely used in catalysis, because they provided a
good platform to study reaction mechanism at the molecular level
during catalytic application [21e23]. Photocatalytic MOFs have
been developed and applied in water splitting, CO2 reduction, and
the degradation of organic and inorganic pollutant [24e27].

To prepare a photocatalytic MOF specific for Cr(VI) reduction, an
organic link with specific photochemical and photophysical prop-
erties is required. TIPA has a large volume and various coordination
modes, and as a strong electron donor, which can stabilize the
charge transferred state, and also displays good hole-transporting
ability to modify the electrical conductivity of materials [28,29].
Next, the metal ions should be carefully selected for the photo-
catalytic MOF. Cd(II) ion has high ligand field stabilization energy,
excellent fluorescence performance, and good conductive catalytic
properties, enabling it use in constructing stable MOFs. Recently, Li
et al. explored a Cd-TBAPy MOF as a photocatalyst for both water
reduction and oxidation under visible light [30]. Cheng et al. syn-
thesized (MOFx)/PeTiO2 hybrid composites using phosphonate-
based MOF [Cd(H2L)]n and phosphated mesoporous TiO2 beads
and showed that Cd-MOF could effectively improve the degrada-
tion of pollutants [31]. Ali Morsali et al. designed a tunable
conductive MOF with additional well-dispersed Cd(II) into a valid
sorbent MOF (TMU-60) with enhanced electron transport availably
[32]. Based on these findings, combining TIPA moieties and d10

metal ions Cd(II) in a single framework would permit unusual
metal-ligand charge transfer and fluorescence performance,
compared to traditional metal oxide semiconductors. Recent work
using TIPA-based MOFs has mainly focused on the highly selective
adsorptive separation of small molecule hydrocarbons, lumines-
cent sensors, photocatalytic degradation of dyes, and the detection
and extraction of Cr(VI) species, but few studies have examined the
photocatalysis of Cr(VI) ions [33,34].

In this work, a photocatalyst Cd(TIPA)(NO3)2$H2O (Cd�TIPA)
was assembled by combining the organic ligand TIPA with
Cd(NO3)2 under hydrothermal conditions. Although Cd�TIPA was
reported by Zheng’s group, only the structure was described in
detail [35]. In this work, we synthesized thematerial and studied its
use for catalysis. Because Cd�TIPA is a typical n-type semi-
conductor with a more negative LUMO level (�1.30 V vs. NHE) than
that of Cr2O7

2�/Cr3þ, we envisioned that incorporation of TIPA as a
reduction catalyst into a MOF would allow effective photocatalytic
Cr(VI) reduction.

2. Experimental

2.1. Synthesis and methods

The Cd-TIPA was synthesized as described [35]. Crystals were
obtained with a yield of 70% (based on TIPA ligand). Elemental
analyses (EA) and Inductively Coupled Plasma (ICP) calcd (%) for
C27H21CdN9O7: C 46.60, H 3.04, N 18.11, Cd 16.15; Found: C 46.65, H
3.10, N 18.01, Cd 16.10.

All solvents and chemicals were commercially purchased and
directly used. EA of C, H, and N were performed on a Vario EL III
elemental analyzer. ICP analysis was performed on a Jarrel-AshJ-
A1100 spectrometer. Infrared spectra (IR) were recorded from a
solid sample pelletized with KBr on JASCO FT/IR-430 in the range of
4000-400 cm�1. Powder X-ray diffractograms (PXRD) were ob-
tained on a Riguku D/Max-2400 with Cu Ka radiation (l¼ 1.5418 Å)
in the angular range 2q ¼ 5-50� at 293 K. X-ray photoelectron
spectroscopy (XPS) analyses were performed on an ESCALAB 250 XI
(Thermo Fisher, USA) spectrometer with an Al Ka (hv ¼ 1486.6 eV)
achromatic X-ray source. Vacuum inside the analysis chamber was
maintained at 1 � 10�9 Pa during analysis. N2 absorption-
desorption isotherms for determining the
Brunner�Emmett�Teller (BET) surface area and Bar-
rett�Joyner�Halenda (BJH) pore width distribution were obtained
with an ASAP 2460 Micromeritics instrument, using N2 as the
adsorbent at 77 K. UVevis diffuse reflectance spectra (DRS) were
collected at room temperature on a finely ground sample with a
HITACHI U-4100 UVeViseNIR spectrometer equipped with a
60 mm diameter integrating sphere. Photoluminescence (PL)
properties were performed on EDINBURGH FLS 980 fluorescence
spectrophotometer equipped with a 450 W xenon lamp. UVeVis
absorption spectrum was recorded with a TU-1900 spectrometer
at room temperature. Mott�Schottky measurements carried on a
CHI 760E electrochemical workstation (Shanghai Chenhua Instru-
ment Co., China) in a three-electrode electrochemical cell using a
0.1 M Na2SO4 as the electrolyte. The photocatalytic reactions were
performed on WATTCAS Parallel Light Reactor (WP-TEC-1020HSL)
with 10W COB LED.
2.2. Photocatalytic activity measurement

K2Cr2O7 and KMnO4 was selected as the sources of Cr(VI) and
Mn(VII), respectively, and photocatalytic reduction was carried out
under white light irradiation. The typical process was performed as
follows: 5 mg of catalyst Cd�TIPAwas dispersed in 5 mL of a Cr(VI)
or Mn(VII) aqueous solution, at the initial concentration of 0.5 and
1.0 mmol/L, respectively. Then, a 10 W white LED lamp was use to
irradiate the mixed solution. The supernatant was obtained
through centrifugation after different amounts of irradiation time.
The catalysts and supernatant were recovered in a quartz tube for
the photocatalytic experiment. The photocatalytic process of the
compound was monitored by determination of the UVevis ab-
sorption spectrum.
3. Results and discussion

3.1. Structural description

Single-crystal X-ray diffraction structural analysis showed that
Cd�TIPA crystallizes in the space group C2. There was one crystal-
lographically independent cadmium ion, one TIPA ligand, two NO3

�,
and one free H2O in the asymmetric unit of Cd�TIPA. The cadmium
ion exhibits a distorted pentagonal bipyramid geometry by coor-
dinating with three N atoms from individual TIPA ligands [Cd(1)e
N: 2.294(11)~2.311(10) Å], and four oxygen atoms from two NO3

�

anions [Cd(1)eN: 2.420(6)~2.656(9) Å] (Fig. 1a). The central N(3)
atom exhibits sp2 hybridization rather than sp3hybridization, based
on CeN(3)eC angles of 118.3(9), 119.5(9) and 122.3(10)�. The lone
pair electrons of N atom located in the p orbital have higher energy,
with movement throughout the big p bond, thus making Cd�TIPA
conductive [36]. Each TIPA bridges three Cd(II) centers to construct
a 2D honeycomb network (Fig. 1b). The 2D layers are packed by
parallel arrangement furnishing a 1D hexagonal nano-channel of
20.88 Å � 16.77 Å viewed along the c direction (Fig. 1c). More
interesting, two sets of 2D layers further connect in tilted inter-
penetration with a 60.58� dihedral angle to form a 3D catenation
framework with a porosity of 26.1% (954.7 Å3) (Fig. 1def) [37]. The
interpenetration structure apparently strengthens the stability of
the framework. The N2 adsorption-desorption isotherms indicate
the BET (Brunauer-Emmett-Teller) surface area and pore volume of
Cd�TIPA were 8.158 m2/g and 0.017 cm3/g, respectively (Fig. 2a).
The pore diameter distribution of Cd�TIPA is 2.769 nm, corre-
sponding to the mesopores, which can increase the adsorption and
transfer of heavy metal ions Cr(VI) [7,10].



Fig. 1. (a) The coordinate environment of Cd(II) ion. (b) The single 2D layer of Cd�TIPA. (c) The packing of Cd�TIPA with 1D hexagonal nanotube-like channels by parallel-parallel
arrangement. (d) Two-fold interpenetration through two sets of 2D layers of the Cd�TIPA with a dihedral angle of 60.58� . (e, f) The 3D structure of interpenetrating networks along
the a or the c axis. (hydrogen atoms and free water are omitted for clarity).

Fig. 2. (a) N2 sorption isotherm of Cd�TIPA. Inset: the pore-size distribution of Cd�TIPA (right bottom) (b) PXRD of Cd�TIPA. (Simulated, Experimental and Recovery catalyst after
three runs) (c) IR spectra of the fresh and recovered Cd�TIPA (d) CV of Cd�TIPA in the 1.0 M Na2SO4eH2SO4 aqueous solution (scan rate: 100 mV/s). (e) Nyquist diagram from EIS
tests of the fresh (black closed squares) and reduced sample (red open circles, right/top axes), respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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3.2. IR spectra, PXRD diffractograms and electrochemical properties

As can be seen from PXRD pattern of Cd�TIPA, the experimental
patten is highly consistent with its calculated pattern based on the
single-crystal solution, indicating the pure phase of its bulk sam-
ples (Fig. 2b). The IR spectral data were collected for Cd�TIPA, as
shown in Fig. 2c. The band at 3423 cm�1 is assigned to the n(OeH)
of the free water molecules. The characteristic peaks in the ranges
of 1055e1383 and 2938e3121 cm�1 are mainly ascribed to the TIPA
ligand and the peak at ca. 1516 cm�1 is attributed to stretching
vibrations of imidazole groups [38,39]. The band at 1383 cm�1 is
assigned to the characteristic absorption of NO3

� [40].
The cyclic voltammogram (CV) of a carbon paste electrode

modified with Cd�TIPA is shown in Fig. 2d. A pair of quasi-
reversible redox peaks located at Eox ¼ 0.277 V and
Ered ¼ 0.170 V are corresponding to the redox of TIPA. As literature



Fig. 3. The XPS spectra of Cd�TIPA: (a) survey spectrum, (b) high resolution C 1s, (c) high resolution N 1s and (d) high resolution Cd 3d.

Fig. 4. (a) Excited (black) and emission (red) spectra of Cd�TIPA at room temperature. (b) The luminescence decay curve of Cd�TIPA. (c) The CIE chromaticity diagram of the
emissions of Cd�TIPA. Inset: Bright field images (top), confocal laser scanning micrographs (bottom) at lex ¼ 325 nm of Cd�TIPA. (d) Emission spectra of Cd�TIPA with different
additions of Cr2O7

2� ions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (a) Solid UVevis absorption data of Cd�TIPA. (b) The Tauc plots of Cd�TIPA. (c) Mott-Schottky plots for Cd�TIPA in 0.1 M Na2SO4 aqueous solution. Insets are the energy
diagrams of the VB and CB levels of Cd�TIPA. (d) The adsorption equilibrium plot of Cd�TIPA in 0.5 mmol/L K2Cr2O7 for 40 min in dark.
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reported, the introduction of triphenylamine groups into the con-
jugated compounds can enhance the hole injection characteristics
of the materials [41]. When applied voltage, the electron-rich tri-
phenylamine groups in the compounds will be oxidized, thus
making the N atomswith higher electron density lost electrons. The
charge transfer properties at the electrode/solution interface were
examined by electrochemical impedance spectroscopy (EIS). The
EIS Nyquist plots of Cd�TIPA before and after photo-irradiation
assessed the proton conductivity of the powdered crystalline
sample at 298 K and relative humidity. As shown in Fig. 2e, the
semicircle portion corresponds to the charge transfer process. The
powdered crystalline sample after photo-irradiation shows a
higher conductivity, 1.59 � 10-8 S$cm-1, compared to fresh samples
(3.3*10-9), suggesting that the Cd�TIPA can facilitate charge
transfer. The addition of excess electrons to porous materials is an
important strategy to switch the electronic properties such as
conductivity [2].
3.3. XPS study

The electronic environment and structure of Cd�TIPA were also
investigated by XPS. The XPS spectra indicate the presence of C, N, O
and Cd in Cd�TIPA (Fig. 3a). The C 1s spectra can be divided into
three peaks at 284.6, 285.0, and 285.8 eV ascribed to the C atoms in
the TIPA ligand of (CeH)/(CeC), (C]C) and (CeN), respectively
(Fig. 3b). The N 1s spectra at ca. 399.30 eV and ca. 400.90 eV can be
assigned to the pyridinic N (CeNeC) and amino N (N-(C)3),
respectively (Fig. 3c). Pyridinic N atom could reduce the energy
barrier and accelerate electron transfer, thus enhancing catalytic
performance in oxidation-reduction reactions [42]. The peaks at
405.5 and 412.3 eV are assigned to the binding energies of Cd 3d5/2
and Cd 3d3/2 (Fig. 3d) respectively, displaying Cd in þ2 oxidation
state [43]. With full 4d orbitals and empty 5s orbitals of Cd, the
contribution on orbitals is negligible compared with the N 2p and C
2p orbitals originating from organic linkers. We conclude that TIPA
plays a vital role in band composition and position, so using TIPA
allows Cd-TIPA to achieve both Cr(VI) reduction and water oxida-
tion [30].
3.4. Luminescent properties

The powder photoluminescent properties of Cd�TIPA were
investigated at room temperature. Cd�TIPA shows a broad band
with a peak at 465 nm upon excitation at 381 nm (Fig. 4a). Because
of the coordination of ligand with the metal center, the emission
exhibits a red-shift compared with TIPA. The coordination en-
hances the rigidity of the ligand and weakens the loss of energy by
radiationless decay [44]. Due to the d10 configuration of Cd2þ, the
emission band is neither metal-to-ligand charge transfer (MLCT)
nor ligand-to-metal transfer (LMCT) in nature [45]. Thus, the
emission can be assigned as ligand-centred p*/p transitions of
the TIPA ligands [46]. According to the above observations, this
stable polymer material may be applied for potential photoactive
materials. The fluorescence lifetime of Cd�TIPA was also studied.
The lifetime curve of Cd�TIPA was be fitted with a double expo-
nential function (Fig. 4b) [47].



Fig. 6. (a) UVevisible absorbance spectra of Cr(VI) with Cd�TIPA photoreduction at intervals. Inset: Kinetic plot of reduction of Cr(VI). Ct is the observed concentration, and C0 is the
initial concentration. (b) Control experiment without catalyst. (c) Photocatalytic reduction of Cr(VI) with TIPA as catalyst. (d) Recyclability tests of Cd�TIPA catalyst for photocatalytic
reduction of Cr(VI).

Table 1
Comparison of Cd�TIPA with various catalysts for the photocatalytic reduction of Cr(VI).

Catalyst T,
�C

Dosage of
catalyst(mg)

Concentration of Cr(VI)
(mg L�1)

Volume of Cr(VI) solution
(mL)

solvent light source t,
min

kobsd,
min�1

ref

Cd�TIPA r.t. 5 mg 147 5 H2O 10W white LED
lamp

8 0.22 this
work

[Cu4(bpp)4][b-As8V14O42

(H2O)]
50 20 mg 3.57 � 10�4 500 H2O and Formic

acid
none 30 0.043 15

[Ag4(H2O)(L)3(SiW12O40)] r.t 50 mg 80 100 H2O and
isopropanol

visible light 160 0.0126 17

H2TCPP3(I�)Meim-UiO-
66

r.t 10 100 40 H2O and HCl or
NaOH

300W Xe lamp 30 0.1541 51

CeO2/Bi2MoO6 (C-BMO) r.t 50 10 50 H2O 5W white LED 90 0.04113 20
PANI/MnO2/TiO2 45 1.0 588 10 H2O and Formic

acid
none 5 0.1597 18

Ref listed as number only is corresponding to the references in main body.
r.t. Represents room temperature.
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The luminescence lifetimes t1 and t2 were 1.39 ms (53.5%) and
10.78 ms (46.5%), respectively, and the agreement factor (c2) was
1.058. The luminescence lifetime was determined by application
the following equations: ti ¼

P
ait2iP
aiti

. The luminescence of Cd�TIPA
has an average lifetime of around 5.76 ms at room temperature. The
CIE chromaticity coordinate for Cd�TIPA was calculated by its
corresponding visible PL spectra and was indexed to (0.18932,
0.19354), which is located in the blue region (Fig. 4c) [48]. The
calculated color purity of Cd�TIPA is 61.8%, and the correlated color
temperature is 8081 K. The emission intensities of Cd�TIPA
decreased dramatically with increasing Cr2O7

2� amounts from 0 to
20 mL, which indicates efficient electron transfer (Fig. 4d).
3.5. UVevis, Band gap energy and Mott-Schottky plot

The optical absorption properties of the Cd�TIPA powder sam-
ples were investigated by UVevis (Fig. 5a). The UVevis spectrum
displays a major absorption broad band near 250e500 nm. The
band gap of Cd�TIPA was estimated at 2.67 eV using the
KubelkaeMunk function as described (Fig. 5b) [49]. The variation of
the energy band for Cd�TIPA was validated by investigating its flat
band potential. The positive slopes of the linear parts are consistent



Fig. 7. (a-d) Photocatalytic reduction of Cr(VI) with variable Cd�TIPA content of 2.5 mg, 5.0 mg, 7.5 mg, 10 mg.

Fig. 8. (a) Effect of foreign ions on catalytic conversion: KCl (1), Na2SO4 (2), KNO3 (3), glucose (4), and citric acid (5). (b) ESR spectra of O2
�� radical trapped by 5-dimethyl-pyrroline-

N-oxide (DMPO).
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with n-type semiconductor features. The flat band potential of
Cd�TIPAwas estimated as�1.50 V (vs Ag/AgCl) (Fig. 5c). Calculated
by the equation, ECB ¼ E(vs Ag/AgCl) þ 0.2 V, the conduct band
potential (ECB) value of Cd�TIPAwas�1.30 V (vs NHE) for Cd�TIPA.
Based on the formula EVB ¼ ECB þ Eg. [50] the EVB value of Cd�TIPA
can be estimated as 1.37 eV according to the results of UVevis
absorption spectra and electrochemical tests. Obviously, the ECB
potential values of the prepared compound is more negative than
the standard redox potential of Cr(VI)/Cr(III) [20] (0.51 eV vs. NHE),
indicating that the photogenerated electrons can easily transfer to
Cr2O7

2� for photoreduction.
3.6. Catalytic activity for Cr(VI) reduction

The activity of Cd�TIPA was investigated for catalytic reduction
of Cr(VI) by visible light irradiation. Initially, the adsorption
experimentwas preformedwith 0.5mmol/L K2Cr2O7 in the dark for
40 min. Near the adsorption equilibrium, the Cr(VI) adsorption



Fig. 9. (a) UVevisible absorbance spectra of Mn(VII) with Cd�TIPA photoreduction under visible light. (b) Kinetic plot of reduction of Mn(VII), Ct is the observed concentration, and
C0 is the initial concentration.

Fig. 10. Proposed photocatalytic process for Cd�TIPA under visible light irradiation.
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percentage was about 28.2%. The solution was then irradiated with
a 10 W white LED lamp for 20 min, indicating the almost complete
reduction of Cr(VI) to Cr(III) as the final product (Fig. 5d). Encour-
agingly, when not reaching adsorption equilibrium, Cr(VI) was
reduced 93% in a shorter time (12min) by direct irradiationwithout
any cocatalyst and sacrificial agent (Fig. 6a). The plot of -ln(Ct/C0)
against time indicates that the reduction of the Cr(VI) proceeds
with apparent pseudo-first-order rate kinetics with a constant kobsd
of 2.1*10�1 min�1. Cd�TIPA performance for the photo-reduction of
Cr(VI) was compared with that of previously reported catalysts and
showed outstanding performance of Cd�TIPA in reaction time and
reaction rate(Table 1). For example, the POM-based material
[Ag4(H2O)(L)3(SiW12O40)] required 160 min reaction time with an
apparent rate constant of only 1.26*10�2 min�1 [17].

Photocatalytic reduction of Cr(VI) was explored with variable
Cd�TIPA content of 2.5 mg, 5.0 mg, 7.5 mg, 10 mg, respectively
(Fig. 7). The photo-reduction rate was low at a lower concentration
of catalyst, but a high concentration of catalyst resulted in a better
photo-reduction rate. The photo-reduction (%) increased to a
certain value and thereafter remained nearly constant for catalyst
doses up to 5 mg. These results strongly demonstrate increased
photon absorption with increased content of the catalyst, with
higher catalyst dose hindering photoelectron transfer. The optimal
amount of catalyst for the reaction process was 5mg of catalyst. The
control experiments indicated that the reduction of Cr(VI) is inert in
the absence of light or Cd�TIPA.When only TIPAwas employed as a
catalyst, the absorbance exhibited an atypical rising trend. The
great performance of Cd�TIPA might reflect the transformation of
electron donor TIPA into a rigid MOF, which can increase the
probability of photo-induced electron transfer and can stabilize the
charge-transferred state [51]. The sp2 hybridization of the central
nitrogen atom is also conducive to electron excitation from the
ground state, thus improving the overall reduction rate [36]. The
Cd�TIPA solids can be easily isolated from the reaction suspension
by simple centrifugation. After five use cycles, the transformation
rate showed a moderate decrease from 93% to 73% (Fig. 6d), which
is likely indicting the possible leaching of Cd(II) or organic ligand.

We also explored the influences of foreign ions upon the cata-
lytic reduction reaction because wastewater usually contains a
mixture of organic and inorganic substances. The presence of 1 mM
of interferents such as KCl, Na2SO4, KNO3, glucose, and citric acid
had no significant effect on the photocatalytic reduction Cr(VI)
using Cd�TIPA (Fig. 8a). This is because the inorganic cations (Kþ

and Naþ) with the stable and maximum oxidation states do not
consume electrons or holes, [52] and the organic molecules of
glucose and citric acid cannot interact with Cr(VI) [18].

Theoretically, Cd�TIPA possesses more negative potential of VB
than the reduction potential of O2 to O2

�� (ROS, E(O2/O2
��)¼�0.33 V

vs. NHE), it should facilitate O2
�� generation. The ESR spectral

analysis was performed using 5-dimethyl-pyrroline-N-oxide
(DMPO) as the classical O2

�� probe and showed atypical signals of
O2
�� (Fig. 8b). With addition of the O2

�� scavenger p-Benzoquinone
(BQ), [25] an 87% conversion (decreased 6%) was observed for the
same conditions, which verified that O2

�� plays a synergetic role in
the photocatalytic reduction of Cr2O7

2� [53,54]. However, under N2

atmosphere, a negligible effect on the reduction of Cr6þ was
observed, so we concluded that the O2

�� arises from the water
oxidation process. The generated O2

�� maybe oxidize TIPA and
destroy the stability and reusable performance of Cd�TIPA. The
PXRD and IR results for recovery catalyst after five runs were
different from those for fresh samples although the main peaks
remained (Fig. 2b and c).
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The reduction of high valence manganese Mn(VII) was also
investigated. Mn(VII) was completely reduced within 12 min with
the Cd�TIPA catalyst. As shown in Fig. 9a, the absorption of Mn(VII)
at 526 nm and 546 nm continuously decreased with reaction time,
accompanied by a color change from purple to red, then followed
by yellow-brown, and finally colorless transparent solution, indi-
cating the Mn oxidation state changes from heptavalence to sex-
avalence, and finally bivalence. Interestingly, the reaction exhibited
a clear isosbestic point at 476 nm, demonstrating the redox reaction
proceeds smoothly without formation of multiple products [55].
The absorbance intensities at 526 nm were measured, allowing
calculation of the apparent rate constant value of 0.29 min�1 base
on the slope of -ln(Ct/C0) against time. This value indicates the
catalytic effectiveness, which only depends on the reaction condi-
tions employing (Fig. 9b). Clearly, the compound exhibits remark-
able photocatalytic activity for Mn(VII) reduction.

3.7. Mechanism

Based on the results, a possible photocatalytic mechanism of
Cd�TIPA is presented (Fig. 10). The p-orbital of TIPA serves as
HOMO corresponding to the VB, and the p*-orbital serves as the
LUMO corresponding to the CB. Upon irradiated with light radia-
tion, electrons get excited from VB to CB due to p-p* transition. The
excited electrons on the TIPA units can easily transfer to the Cr2O7

2�

anions [56]. The obvious quenching phenomenon of the catalyst
with the increase of Cr2O7

2� concentration further verified the
obvious electron transfer between Cd�TIPA and Cr2O7

2� anions [11].
The more negative potential of VB of Cd�TIPA compared to that of
E(O2/O2

��) makes O2
�� generation theoretically possible [54,57]. The

above control experiments verified O2
�� plays a synergetic role in

the photocatalytic reduction of Cr2O7
2�, and the O2

�� is mainly
derived from the water oxidation process. The higher EVB value of
Cd�TIPA compared to that of E(O2/H2O) provides theoretical sup-
port for water oxidation, thereby providing electrons to promote
catalytic cycle completion.

4. Conclusions

In summary, an electron-rich MOF for highly efficient photore-
duction of Cr(VI) was synthesized by incorporation of the excellent
functional organic ligand TIPA under mild conditions. The prepared
Cd�TIPA photocatalyst exhibited photocatalytic performance that
was higher than that of other reported catalysts. The enhanced
photocatalytic activities could be attributed to TIPA, a strong elec-
tron donor, which can stabilize the charge-transferred state and
modify the electrical conductivity of the materials. The results of
this work should provide new ideas for the rational design of other
MOFs for application in photocatalytic reactions.
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